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ABSTRACT 
This study considers the feasibility of installing a plant 
that purifies gases and recovers vanadium from ashes which come 
from the combustion of fuel oil. 
There is no natural source which provides abundant pure 
vanadium in the terrestrial surface. However, it can be obtained 
from several types of ores, as a byproduct from uranium extraction 
and as a minor constituent in some petrolellllls, especially those of 
Venezuela. This metal is utilized in the steel industry to produce 
high-strength alloys. There are several compounds which can be 
substituted for it, but these sources are scarce and expensive. 
Four parts are included in this study: 
Part I, "Properties and Importance of Vanadium" 
Part II, "Technology of Desulfuration and Devenadiza-
tion" 
Part III, "Economic Aspects" 
Part IV, "Conclusions" 
The principal raw material used in recovering vanadium 
pentoxide are ashes from the combustion of No. 6 fuel oil in a 
power plant and sulfuric acid. Considering the composition of gases 
and ashes we selected "Absorption of Sulfur Oxides by Alkalized 
Alumina at High Temerature11 and "Recovery of Vanadium Pentoxide by 
Sulfuric Acid Digestion" processes, because they offer major advantages 
over other processes. 
f. 
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Recovery process was designed for a power plant producing 
500 MW of electricty. The amount estimated for the total investment 
in these plants is $8,074,518 which is going to be contributed by the 
electrical utility company. This total investment includes a fixed 
investment of $6,323,300; a working capital of $775,530; other expenses 
such as, contingencies, organization and starting costs of $975,688. 
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PART I 
PROPERTIES AND IMPORTANCE OF VANADIUM 
To appreciate this work, the 
reader should know about the properties, 
sources, production methods, price, 
uses and applications of vanadium. 
This is the purpose of this section. 
·., 
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PHYSICAL AND CHEMICAL PROPERTIES OF VANADIUM 
Vanadjum, symbol V, wa:-i discovered .in 1801 by 
Adres Manuel del Rio, in Mexico City (13,16,27) and in 1927 was 
produced in connnercial form by J. W. Marden and M. N. Rich. 
Methods of producing pure vanadium have since improved, 
but pure metal is still difficult to produce. Source physical 
properties of vanadium metal are given in Table I. 
TABLE I 
PHYSICAL PROPERTIES OF VANADIUM METAL (3) 
Atomic number 
Atomic weight 
Crystal structure 
Density (g·rams /cubic centimeter) 
Melting temperature C 
Boiling temperature C 
Volatility at melting temperature 
Specific heat (20 -100 C) cal/gram 
Thermal expansion (microinches per 
inch per C) 
23 to 
23 to 
23 to 
23 to 
100 C 
500 C 
900 C 
1100 C 
23 
50.95 
body centered cubic 
6.11 
1900 t 25 
3,000 
very low 
0 .12 
8.3 
9.6 
10.4 
10.9 
Vanadium has an exceptional ability to form compounds with 
nonmetallic elements, and for that reason it is an important alloying 
element. Vanadium alloys of iron are stronger than similar alloys 
withour vanadium. 
Vanadium is resistant to attack by hydrocloric or dilute 
sulfuric acid and alkali solutions. It is resistant to corrosion 
4. 
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and is very reactive in concentrated sulfuric acid. 
At elevated temperatures, vanadium has an affinity for 
oxygen, nitrogen and other gases which makes its preparation difficult. 
SOURCE, WORLD PRODUCTION, PRICE AND PRICE PROJECTION 
More than 65 mineral species containing vanadium are known, 
but only a few of them deserve individual mention (27). They are: 
Patronite 
Carnotite 
Vanadinite 
Roscoe lite 
K20zU03. V205. 3Hz0 
3Pb3 (V04) 2 Pb CJ. 2 
HgKz(MgFe) (AV)4 (Si03)2 
Nevertheless, the production of vanadium from these sources 
has not been sufficient to meet the demands for vanadium. Therefore, 
it has been necessary to search for secondary sources of vanadium. 
Petroleum research resulted in the discovery of vanadium 
in crude oil. The removal of this material from the oil is doubly 
important; not only is the vanadium itself needed by industry, but its 
presence in the oil is a serious problem because of its strong tendency 
to poison catalysts and to corrode equipment. 
Thus vanadium extracted from petroleum has become an 
important factor in the total picture of basic vanadium resources. 
·•· 
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WORLD VANADIUM PRODUCTION 
The worl<l 's production of vanadium has been incrcas ing 
in recent years. Table II gives the world's production in the form 
YEAR 
1960 
1961 
1962 
1963 
1964 
1965 
1966 
1967 
1968 
1969 
1970 
TABLE II 
VANADIUM CONTAINED IN ORE AND CONCENTRATES 
(POUNDS) 
REP. SO. 
AFRICA 
1,312,000 
2,846,000 
2,786,000 
2,782,000 
2,564,000 
3,038,000 
3,411,000 
4,230,000 
4,514,000 
5,718,000 
5,330,000 
S oW. 
AFRICA 
1,676,000 
2,229,000 
2,038,000 
2,268,000 
2,330,000 
2,550,000 
2,706,000 
2,160,000 
1,260,000 
1,000,000 
800,000 
FINLAND 
1,250,000 
1,402,000 
1,258,000 
1,542,000 
2,168,000 
2,200,000 
2,140,000 
2,584,000 
2,642,000 
2,968,000 
2,900,000 
Source: Metal Statistic (18) 
U.S. 
9,942,000 
10,686,000 
10,466,000 
7,724,000 
8,724,000 
10,452,000 
10,332,000 
9,926,000 
12,966,000 
11,154,000 
10,638,000 
Actually, part of the production in the United States is 
recovered as a byproduct of uranium mining in Colorado and New 
Mexico, and of phosphorus production from phosphate rock in Idaho. 
Table III shows the production of vanadium pentoxide produced directly 
from these sources in the United States and Table IV shows the 
importation of vanadium and its market value in U.S.A. 
6. 
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TABLE III 
PRODUCTION OF VANDADIUM PENTOXIDE IN THE UNITED STATES 
YEAR 
1965 
1966 
1967 
1968 
1969 
(Short Tons) 
GROSS WEIGHT 
11,498 
11,955 
10,915 
12,105 
12,120 
Source: Metal Statistic (18) 
v2o5 CONTENT 
10,996 
11,595 
10,569 
10,976 
10,542 
'I 
'._~ 
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TABLE IV 
VANADIUM IMPORTS 
Vanadium imported for consumption after 1962 expressed as 
ferrovanadium in the U.S. in pounds. 
YEAR GROSS WEIGHT 
1949 2 028 980 
1950 5 llO 403 
1951 3 893 900 
1952 4 338 660 
1953 2 959 600 
1954 1 183 961 
1955 466 112 
1956 -------
1957-8 No imports 
1959 10 130 
1960 10 000 
1961-2 No imports 
1963 919 234 
1964 789 277 
1965 51 916 
1966 32 000 
1967 30 000 
1968 1 198 000 
1969 763 000 
1970 47 000 
Source: Metal Statistics (18) 
VANADIUM 
CONTENT 
551 337 
1 457 010 
982 878 
l 043 797 
716 977 
395 287 
276 666 
53 222 
6 000 
9 800 
1 
1 
1 
VALUE IN 
DOLLARS 
272 124 
708 806 
526 941 
599 203 
421 091 
238 222 
87 419 
16 811 
9 618 
9 432 
186 697 
840 183 
73 183 
38 000 
37 000 
710 000 
185 000 
ll4 000 
' ' ( 
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ECONOMIC ASPECTS 
The United States has dominated world production of vanadium 
since World War II, but the production of vanadium never has been 
very large. Increased production started during the last decade. 
Prior to that time the metal was produced almost exclusively for 
research and development uses. 
The price of v2o5 has varied greatly since the beginning 
of the vanadium industry and today. In the beginning of the century, 
one pound of vanadium cost $1.40, then increased in later years to 
$5.00 per pound •. In 1969, the price dropped to $0.95 per pound and 
in 1970, this price began to move upwards, following the trend of rising 
prices and strong demands from Europe and Japan. It was then quoted 
at $1.45 to $1.80. Market prices suffered a new low in 1971 because 
of lessened world demand. 
In early 1972, the V205 price was $2.15 to $2.25 per pound 
in the producer market, This wide variation in the prices forces us to 
use an average price for this metal. Due to the limitr.d sources and 
high price of vanadium, large scale industrial applications are also 
very limited. 
THE NATURE OF VANADIUM IN VENEZUELAN PETROLEUM 
Several recent papers have discussed various aspects concern-
ing the inorganic constituents in petroleum and the problems that they 
cause for catalytic cracking. 
Vanadium compounds in crude oil have the form of porphrin 
complexP.s, the formula for which is still indefinite, but some authors 
draw it in this manner (31), 
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This same type of complex is found in plants and in the 
blood of vertebrates as the iron-porphyrin complex, and therefore, 
it explains the origin of the vanadium in the crude oil. The 
presence of vanadium in the crude oil results from the degradation 
action of sedimented fossils and microorganisms through millions of 
years, thereby creating a favorable environment for the formation of 
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vanadium compounds with the hydrocarbons from the breakdown products 
of living matter. These studies were aimed at proving the presence 
of vanadium in petroleum. In addition, they showed: first, the 
existence of this metal complex in the porphyrin ring structure; and 
second, the concentration of these compounds of vanadium in the 
heaviest parts of the crude oil. 
Not all of the oil deposits meet the required conditions 
for the formation of vanadium, These conditions, however, are met 
by the heavy Venezuelan crudes, and they are as we cite below: 
1. Impregnation with hydrocarbons. 
2. Presence of vanadium scattered in the porous rocks. 
3. Presence of sulphur and hydrogen sulfide . 
Earl W. Baker (1) has found a relationship between the 
vanadium content in the Western Venezuelan crude petroleum and its 
density in API. The correlation is: 
log (PPM Vanadium)= 3.04 - 0.03 API 
This relationship is applicable only to Western Venezuelan 
petroleum, 
USES AND APPLICATIONS OF VANADIUM 
Vanadium has many different industrial applications, and 
presently the demands for it are great . 
Over the years, vanadium has shown cyclical swings with 
respect to supply and demand. 
The steel industry uses 90 percent of the total vanadium 
produced in order to get ferrum-vanadium alloys. Vanadium imparts some 
' 
' 
1· 
'1 4 
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r 
useful properties to steel such as, distortion resistant, simpler 
heal lrealmcnt, 111llehlnahllHy, hardness, et·e. AlAo v11nadi11m is 
usecl in lmportant nonferrous alloys of aluminum and titanium. 
Another 5 percent of the total production of vanadium will 
be used in the industries of sulfuric acid and petroleum products. 
The remaining 5 percent will be used for special catalysts, 
coloring, ceramic glasses, paint driers, varnish driers, processing 
of color film, and in aerospace industry. There is great potential 
for vanadium use in aerospace industry. 
Table V shows the consumption of vanadium in the United 
States by end uses. 
'l 
TABLE V 
CONSUMPTION OF VANADIUM IN THE UNITED STATES BY END USES 
(Short Tons of Contained Vanadium) 
END USES 
STEEL 
Carbon 
Stainless and heat resisting 
Alloy (excluding stainless and tool) 
Tool 
CAST IRONS 
SUPER ALLOYS 
ALLOYS (exclude alloy steels and super alloys) 
Cutting and wear resistant material 
Welding and alloy hard-facing rods and 
materials 
CHEMICAL AND CERAMIC USES 
Catalysts 
Other, pigments 
MISCELLANEOUS, UNSPECIFIED 
TOTAL 
Sources: Metal Statistics (18) 
13. 
1972 
1,300 
40 
2,700 
650 
60 
60 
N.A. 
15 
200 
N.A. 
500 
6,250 Tons 
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SUBSTiTUTE MATERIALS 
There are several materials which can substitute for va-
nadium, but such substitution depends on the usage that each one 
is going to have. For example, chromium, nickel, molybdenum, man-
' 
ganese, titanium and their alloys can be used as substitutes for 
vanadium in vanadium compounds. These substitutes impart the same 
properties to iron, steel and their related alloys, that vanadium 
does. Another substitute for vanadium is platinum, when it is used 
as a catalyst. 
• 
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PART II 
TECHNOLOGY OF DESULFURIZATION 
AND DEVANADIZATION 
Described in this section 
are different and most important 
processes of desulfurization and 
devanadization of gases and ashes 
originated from the combustion of 
fuel oil residual. 
Absorption of Sulfur Oxides 
by Alkalized Alumina at High Tempera-
ture and Recovery of Vanadium Pentoxide 
by Sulfuric Acid Digestion are going 
to be described herein. Finally, 
a series of calculations represent-
ing the design of these last processes 
are shown. 
., 
Venezuelan crude oil has a high content of sulfur and 
vanadium (14). The recovery of these elements are very important 
not only from a technical and economical point of view, but also 
for the sake of public health. 
The technical importance rests on the fact that these 
elements, vanadium and sulfur,. at high temperatures cause undesirable 
damages to the equipment used in the catalytic cracking process. 
Therefore, if these elements are removed and recovered, damages such 
as the following are prevented: dross and deposit on tubes of the 
boilers and on the walls of combustion chambers, decay of metallic 
surfaces, and deactivation of the catalysts. 
Economically, it is important to point out that recovery 
of these elements gives a double profit. Their removal prevents 
damages to equipment, thereby prolonging the useful life of the 
machinery and at the same time, considerable profits from the sale 
of these byproducts are obtained. 
Air pollution affects the public health. There are legal 
restrictions concerning the amount of S02 emission to the atmosphere. 
All industrial plants that emit those gases are required to install 
equipment for reducing the amount of emission to the atmosphere. 
The interest in the air pollution problem is the main 
reason for developing several methods for removing the sources of 
the contaminants before and after the combustion from any unit. 
I, 
I. 
I •? 
, 
;i 
' 
. \
: ·,~:. 't',." ,"' \'. . ~ ' 
DESULFURIZATION AND DEVANADIZATION PLANTS 
The purpose of a purification process for combustion 
gases is to reduce the content of the impurity and to obtain 
. 
valuable byproducts for the consumption market. 
The literature is full° of processes concerning the separa-
tion of S02 from combustion gases, and for recovery of vanadium 
from the ashes produced when a crude oil is oxidized. In this work, 
there is special interest in the following processes: 
-Destilfurization Processes 
A) Adsorption of Sulfur Oxides by Activated 
Carbon (Reinluff). 
·B) Absorption of Sulfur Oxides with Manganese 
Oxides in Venturi Scrubber. 
C) Absorption of Sulfur Oxides in Molten Carbonate. 
D) Catalytic Oxidation. 
E) Absorption of Sulfur Oxides by Alkalized 
Alumina at High Temperature. 
Devanadization Processes 
Processes for recovering vanadium from ash are 
also numerous. The following were covered in this study: 
A) Recov~ring Vanadium by Ion Exchange. 
B) Ishihara Munetoshi et al Process. 
C) Recovery of Vanadium Pentoxide by Sulfuric 
Acid Digestion. 
18 . 
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ADSORPTI~ OF SULFUR OXIDES BY ACTIVATED CARB~ 
(Reinluff) (4, 15) 
This process was developed in Germany. Activated carbon 
is the most corrnnon material for removing vapors. This material 
(carbon) adsorbs a substantial amount of all the vapors from the 
air at ambient temperature. 
The Reinluff process uses a fixed bed adsorbent of 
activated carbon under vacuum at 1100° F. The flue gas passes 
through two stages countercurrently. In the first stage the SOz 
and vaporized sulfuric acid are adsorbed. The flue gas is cooled 
and returned to the second stage where all the SOz and S03 formed 
are adsorbed with water on the activated carbon to form sulfuric 
acid. 
The adsorbent with its sulfuric acid is dissociated into 
S03 and HzO (vapor). Then gas passes to a standard sulfuric acid 
plant. The advantage of this method is principally the production 
of concentrated sulfuric acid and the major disadvantage is the 
elevated quantity of activated carbon used. A flow sheet of this 
process is shown in Figure 2. 
Flue gas 
Adsorbent (Activated carbon) 
Adsorber 
Purified flue gas 
First stage 
Desorber 
Sulfuric acid plant 
Vibrating 
screen 
heater 
FIGURE 2 
(gas rich in 
S02) 
ADSORPTION OF SULFUR OXIDES BY ACTIVATED CARBON 
, 
/ 
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ABSORPIION OF SULFUR OXIDES WITH MAGNESIUM OXIDES 
IN A VENTURI SCRUBBER, (30) 
This process was developed by the Chemical Construction 
Corporation. The flue gas enters the Venturi Scrubber where the 
sulfur dioxide is absorbed in a liquor which consists of magnesium 
sulfite (MgS03 ), magnesium sulfate (MgS04 ), and magnesium oxide 
(MgO). 
The main and collateral reactions are: 
MgS03 + so2 + H20-t> Mg(HS03)2 
Mg (HS03) 2 + Mgl) --i> 2MgS03 + H20 
MgO + S03 + 7H20 --t> MgS04 - 7H20 
t,\gS03 + ~2 + 7H20-t> MgS04 · 7H20 
The material from the absorption system is introduced into 
the centrifuge, where the solids are separated from the liquid, 
wh1ch is returned to the absorption system. The wet solids are 
dried in a direct dryer where the water is removed. The drying of 
those solids occurs according to the following reactions: 
MgS03 . 6H20 ~ Mg S03 + 6H20 f 
MgS04 . 7H20 ~ Mg S04 + 7H20 f 
21. 
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The dry crystals from the dryer are introduced in a cal~ 
ciner where the magnesium oxide and sulfur dioxide are regenerated. 
MgS03 Heat[> MgO + so2~ 
Heat [> MgO + SOz i + Ji.cos 
This MgO is returned to the process, and the S02 is sent 
to one of the following plants: sulfuric acid, sulfur, or liquid 
S02. Figure 3 shows the flow sheet of this process. 
lowing: 
The advantages of this method are: 
1. This process can be used to recover sulfur dioxide 
at various types of plants such as acid plants, 
power plants, process plants that generate excessive 
flue gases, etc. 
2. The Venturi Scrubber effectively recovers S02 with 
good performance from commercial installations. 
3. Long absorbent life. 
Some specific disadv~ntages of the process are the fol-
1. High cost of equipment. 
2. High cost of operations. 
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3. If there is not enough SOz to recover by this process, 
it is not economically feasible. 
4. Difficulty in regenerating the absorbent. 
S. The loss of absorbent activity after repeated cycles 
of absorption and regeneration. 
23. 
MgO Recycle MgO 
Clear gas to stack 
System 
Flue gas 
Centrifuge Liqui 
Solid wet 
Air 
Air Dryer Calciner 
FIGURE 3 
ABSORPTION OF SULFUR OXIDES WITH MAGNESIUM OXIDES IN VENTURI SCRUBBER 
Flue gas 
ri.ch in so2 
. !':""' ·-;,,,. :.,,.' '. ...... .,.. 
_.._ ... 
\I 
ABSORPTION OF SULFUR OXIDES IN MOLTEN CARBONATE (21) 
This process was developed by Atomic International Divi-
sion of North American Rockwell. Essentially the method consists 
of the reaction of the S02 from the gas stream with the absorbent 
(molten carbonate) and then this absorbent is regenerated chemically 
and recirculated. The hydrogen sulfide produced is sent to a Clauss 
unit where it is converted to elemental sulfur or sulfuric acid. 
The principal reactions in the scrubber are: 
S02 + MzC03 -t> MzS03 + CO2 (,'•) 
S03 + MzC03-{> MzS04 + COz 
The reaction in the regenerator is: 
The basic flow diagram for the process is shown in figure 4. 
The principal advantage of this process is the excellent 
capacity of the molten carbonate to absorb the sulfur oxides at 
high temperature. 
M stands for the eutectic mixture of lithium, sodium, and 
I 
. potassium cations. 
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Some specific disadvantages of the process are: 
1. lt is difficult to get a good conlact belween liquid 
and gas in the scrubber, without imposing a high 
pressure drop during the gaseous phase. 
2. The way that the absorbent is introduced (molten 
carbonate), limits the absorber or scrubber effi-
ciency. 
3. The construction materials for most of Lhc equipment 
are preferably nickel or cobalt-based alloy, es-
pecially for the heat exchanger and reducer. 
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ABSORPTION OF SULFUR OXIDES IN MOLTEN CARBONATE 
CATALYTIC OXIOATTON (33) 
This process was developed by Monsanto. It is one of the 
simplest processes for recovery of sulfur dioxide from flue gases. 
This method consists essentially of the oxidation of sulfur dioxide 
to sulfur trioxide in a catalytic unit. The main disadvantage of 
this process is the high temperature required for the catalysis, 
and the size of the equipment, such as the electrostatic precipi-
tator, because all the dust must be removed from the gas before it 
enters the catalyst chamber. Figure 5 shows a flow sheet for this 
process. 
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ABSORPTION OF SULFUR OXIDES BY ALKALIZED 
ALUMINA AT HIGH TEMPERATURE 
This method, developed by the U.S. Bureau of Mines, con-
sists essentially of dry absorption with alkalized alumina 
(Na20.Al203), regeneration of the absorbent by reduced gases at 
elevated temperature and recovery of elemental sulfur by the 
standard Clauss unit (2, 8, 15, 32). 
Process Description 
Alkalized alumina is a physically active form of sodium 
aluminate which has a large internal surface area and contains 
metallic catalyst. The shape of this absorbent is spherical and 
the size of the particles are 1/16 inch in diameter. The flue gas 
from a boiler passes through a dust collector or pneumatic system, 
then it passes through an economizer where the temperature decreases 
to 625°F. It then enters a free fall absorber where the gas-free 
ash contacts the absorption agent Na20Al203 at 625°F.; where the 
sulfur dioxide is now absorbed. The ratio of absorbent to flue gas 
is 2.5 pound of solids to 1,000 cubic feet of gas, at a linear gas 
velocity of 23 feet per second. The gas which is free of sulfur and 
part of the absorbent are carried out in the absorber and separated 
in a cyclone. The solids are returned to the absorber as a solids 
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recycle and the gas is finally discharged to the stack. About 1/3 
of the solids feed is removed from the bot tom of the absorber, and 
2/3 is removed from the recycle stream and put back into the ab-
sorber. Also fresh solids feed of 10 percent is used as a recycle. 
The spent absorption agent is heated at 1200°F. and trans-
ported to the regenerator where it is treated in a fluidized bed 
with reformed natural gas or any other suitable hydrocarbon feed-
stock. For this purpose the following mixture of reformed natural 
gas is recommended: 
Component Per cent by volume 
Nz 47.4 
COz 5.0 
HzO 1.4 
Hz 16.6 
co 26.2 
HzS 0.4 
CH4 2.6 
CzH6 0.4 
The absorbed sulfur dioxide reacts completely with Hz 
and CO of the reduced gas to give HzS, CO2 and H20, The desorbed 
sulfur compound, H2S, is converted to elemental sulfur in a Clauss 
unit, and the regenerated absorbent is recycled to the absorber. 
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with the 
In the absorber, the reaction of S02 with the absorbent 
and complicated, but the general idea is that the S02~eacts 
metal oxide to form the sulfate (S04r.). ~ 
The main reactions in the regenerator are: 
Na2S04 + 4Hz-{> 3H20 + HzS + Na20 
Na2S04 + 4CO + H20 --l> 4C02 + H2S + NazO 
Advantages. 
1. All operations in the process are done at high tern-
perature. 
2. During the operation, there is very low pressure drop 
in the absorber. 
3. The product is sulfur rather than sulfuric acid. 
4. The contacting vessels are inexpensive because they 
do not have internal fixtures. 
5. Economic evaluation, (15), shows that the operating 
costs are lower than other processes. 
6. The construction material of the plant can be carbon 
steel. 
The greatest disadvantage of this process is the high at-
trition of absorption agent. Figure 6 shows a flow sheet of this 
process. 
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RECOVERY OF VANADIUM BY ION EXCHANGE (34) 
This process can be symbolically illustrated as: 
Where 
++ + 
2R-H + Mz ~ RzMz + 2H 
H = Cation to be released 
R-H = Ion-exchange resin 
1'12 = Metal in aqueous solution which is to be 
removed 
Basically this process consists of placing the exchange 
material or resin in a bed or packed column, and then passing the 
soluble form of the material to be exchanged through it. 
The vanadium is removed from the resin by passing 1.5M HzS04 
solution at a temperature of 55°c, through the packed column or bed 
for 30 minutes. This liquor is then filtered and the vanadium is 
oxidized with KC103• The solution is then filtered and the solids 
are dried. 
The regeneration process is: 
The application of this method is disadvantageous because 
it is applied to ashes with very low content of vanadium. 
·'· i: 
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ISHIHARA, MUNETOSHI E'l' AL ME'1'110D (20) 
Ashes which come from the boiler are crumbled to a size 
range of 60 to 600 mesh. Next they are mixed with 50 percent NaOH 
solution (by weight) in a molar proportion of NaOH/v2o5 = 5.8. This 
solution is filtered and dried at 100-120°c for approximately 40 
minutes, and calcined for one hour at 500°c. This product is mixed 
with hot water, filtered and calcined again. 
This method has disadvantages such as 
1. Low efficiency of extraction. 
2. Low efficiency of production. 
3. A lot of fuel oil is required to maintain the necessary 
high temperature of this process. 
4. The liberated gases, such as gaseous chlorine and so2, 
cause corrosion in the equipment. 
5. These liberated gases produce harmful effects on humans, 
animals and agricultural products. 
RECOVERY OF VANADIUM PENTOXIDE BY SULFURIC ACID DIGESTION (35) 
The ash recovered by the boiler and pneumatic system, 
containing 25 percent by weight of Vz05 is passed through a crusher type 
hammer mill, where the size of the particles can be reduced to 200 to 
300 mesh. After this impact crusher, the material is screened in a 
vibrating incline. The material which does not pass through this screen 
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is recycled to the crusher. The rest of this pulverized material is 
deposited in several agitated leach tanks reinforced with glass-fiber 
polystcr. There it Is mixed with 75 percent sulCuric ncid to dis-
solve the vanadium. The ratio o( liquid to solid is 3 ml. sulfuric 
acid per gram of ash, and the vanadium is dissolved in about four 
hours, at 122°F. Those agitated leaching tanks have device to shut 
off automatically when the weight of material is about 8,000 pounds. 
The slurry from the leaching tanks is filtered in a rotary 
vacuum drum. The vanadium is separated from the filtrate by oxidizing 
with sodium clorate (NaCl03) and precipitating with annnonia in an open 
tank. The tank has to have a tall, narrow and cylindrical shape with 
agitators lengthwise. Uniform agitation is necessary to be sure of 
recovering the maxim amount of vanadium from the mixture. The PH must 
be automatically controlled at 1.9 to 2.1 and the temperature at 
80-90°c. The consumption of these products is about 0.25 pound of 
NaCl03 and one pound of annnonia per pound of recovered V205. This 
solution with precipitated v2o5 is fed to another filter similar to 
the one mentioned above. The hydrated V205 (cake) is dried in a 
continuous rotary dryer with direct heat at about 600°F, with an 
evaporation capacity of four pounds of liquid per cubic foot of dryer 
volume. This produces a commercial grade of V205. The liquid phase, 
after this second filtration, is neutralized with Ca(OH) 2 and dis-
charged to the waste stream. 
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Considering the composition of tllC' combustion products from 
the boiler, we come to the conclusion that these processes, "Absorption 
of Sulfur Oxides by Alkalized Alumina at High Temperature" and "Recov-
ery of Vz05 by Sulfuric Acid Digestion" have greater advantages than 
the other methods. Therefore, they were selected for this study. 
Figure 6 shows a flow diagram of both processes. 
ASSUMPTIONS USED IN DESIGN CALCULATION 
General 
1. The #6 fuel oil used for steam generation in a power plant 
boiler is the liquid residues remaining after the volatile 
constituents have been removed in any petroleum refinery. 
Typical analysis and properties of this residual are stated 
in Table VI below. 
TABLE VI 
TYPICAL ANALYSES AND PROPERTIES OF FUEL OILS 
GRADE FUEL OIL #2 FUEL OIL #6 
Type Distillate Residual 
·1 Color Amber Black 
.I 
Specific gravity, 60/60°F 0.8654 0.9861 
Carbon, percent 86.4 85.5 
Hydrogen, percent 12.7 10.5 
Sulfur, percent 0.7 Max. 3.0 
Water, oxygen and nitrogen, percent 0.2 0.57 
Ash, percent Trace 0.43 
BTU per gallon 141,000 150,000 
-Source: Glenn R. Fryling (10), Sec. 14, page 14. 
2. Excess air for the ·combustion: 20 percent 
3. Capacity for the power plant: 500 MW. 
', 
·1 
·i 4. Vanadium dissolved in the fuel oil: 600 ppm. j 
J 5. Vanadium recovery in the process: more than 95 percent 
l 
6. Sulfur recovery in the absorber: more than 98 percent 
7. Temperature in the absorber:~ 625°F. 
8. Linear velocity of gas in the absorber: 23 ft./sec. 
9. Residence time inside the absorber: two seconds 
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10. Pressure drop in the absorber: negligible. 
11. Absorbent flow: 2.5 lb./1000 cu.ft. of flue gas. 
12. Temperature in the regenerator: l,200°F • 
13. Consumption of reformed natural gas 86 percent of CO and 
82 with the following composition 
TABLE VII 
REFORMED NATURAL GAS COMPOS IT ION 
COMPONENT 
N2 
CO2 
H20 
Source: S. Katell (15) 
14. Attrition: 0.1 percent of solids feed. 
15. Ash composition at exit from the boiler. 
PERCENT BY VOLUME 
47.4 
5.0 
1.4 
16.6 
26.2 
0,4 
2.6 
0.4 
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TABLE VIII 
ASH COMPOSITION 
COMPONENT 
v205 
Naso4 
CaO 
NiO 
Fe20J 
Si02 
Carbon unfired 
Source: William Rostoker (27) page 127 
CALCULATIONS 
Pounds of fuel oil 
% BY WEIGHT 
25 
45 
5 
6 
4 
10 
5 
From appendix A, the quantity of residual oil are 
28,400 Gal./Hr. 
fJ = 0.9861 gr/cm3 x 8.35 lb/gal/gr/cm3 
= 8.22 lb/gal. 
28,400 gal/hr. x 8.22 lb/gal. = 233,500 lb/hr. 
Pounds of vanadium dissolved in the fuel oil 
Since all the vanadium is concentrated in the residual 
product, usually about 600 ppm. of vanadium (35), the quantity of 
vanadium dissolved in the residual fuel is: 
i 
I 
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600 mg/Kg x gr/mg x 1/1000 x lb/gr x 1/454 x kg/gr x 1/1000 x 
x gr/lb x 454/1 x 233500 lb/hr. 
= 140 lbs/hr of vanadium 
= 2. 75 lb.mot. 
Pounds of sulfur in the fuel oil 
0,03 X 233500 = 7005 lbs. 
= 219 lb-mol. 
Pounds of sulfur in the ash 
H) 2NA + 202 + S-c>Na SO· 2 4 
V 
pounds of Na2so4 = 450, molecular weight= 142 Moles of Na2so4 
produced= 450/142 = 3"17 lb,mol. 
Then: 3.17 x 32 = 101"5 lb, of sulfur. 
Pounds of sulfur in the flue gas 
7005 - 101,5 = 6903.5 pounds 
= 216 lb.mol. 
Pounds of sulfur dioxide in the flue gas 
S + 02 -i> so2 
lbs. of so2 = 216.0 x 64 = 13,850 lbs. 
(~·,) This reaction is valid only for stoichiometric purpose. 
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Pounds o( carbon dioxide in the flue gas 
C + 02-i> co2 
lbs. of C = 0.855 x 233,500 = 199,500 lb. 
= 16,620 lb.mol. 
lbs. of co2 = 16,620 x 44 = 732,000 lbs. 
Pounds of water in the flue gas 
2H2 + o2 --t> 28z0 
lbs. of H2 = 0.105 x 233,500 = 24,500 lbs. 
= 12,250 lb.mol. 
lbs. of H2o = 12,250 x 18 =220,500 lbs. 
Air for combustion 
The basic combustion equations are: 
C + o2 --{> CO2 . 
S + o2 -{> S02 
H2 + ~2 --t> RiO 
Excess air= 20 percent 
Basis of calculation= one pound fuel as fired 
42 • 
FUEL OIL ANALYSIS 
") PERCENT 
'\ BY WEIGHT MOL. WEIGHT 
. ., 
'j 
'1 
l Carbon 85.5 12 
,! 
' 
' ,1 Hydrogen 10.5 1 2 j 
, 
J Water, Oxygen, Nitrogen j 0.57 
l 
Sulphur 3.00 32 
Ash 0.43 
CO2 
SOz 
Flue gas Oz 
D Nz 
HzO 
Vz05 25% 
Boiler NaS04 45% 
A~ 
CaO 5% 
Fuel oil ~ NiO 6'%, 
A C Fe203 4% 
SiOz 10% 
B Carbon unfired 5% 
'1 
j 
j j Air 
Note: Since the quantity of oxygen that is in the fuel oil and 
the ash produced are too small, then we can reasonably 
assume that these quantities are compensated for. 
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Oxygen (or carbon 
Oxygen for hydrogen 
Oxygen for sulfur 
0.855/12 = 0.07125 lb.mol 
0.105/2 x 2 = 0.02625 lb.mol 
0.03/32 = 0.00094 lb.mol 
Oxygen required = 0.09844 lb.mol 
Oxygen from excess air 0.09844 x 0.2 = 0.019688 lb.mol 
Total Oxygen required = 0.118128 lb.mol 
Air required (0.118128/0.21) = 0.563 lb .mol 
0.563 lb.mol x 28.85 lb/lb.mol 
= 16.25 lb. of air/lb. of fuel oil. 
Total air required= 16.25 x 233,500 
= 3,790,000 lbs. 
Pounds mol of nitrogen introduced 
(0.118128 lb.mol Oz) 
(79 lb.mol Nz) 
( 21 1 b • mo 1 o2) 
= 0.445 lb.mol 
------------1 b. of fuel oil 
0.445 ig~M~} fuel oil x 233,500 lb. of fuel oil 
= 103,900 lb.mol 
Nitrogen introduced= 103,900 x 28 = 2,915,000 lbs. 
''\ .. ····~.; , ., . 
Pounds of Oxygen in the Flue Gas 
Mass balance around the boiler 
A + B = C + D A= 233,500 lbs. 
B = 3,790,000 lbs. 
C = 1,000 lbs. 
D = 4,022,000 lbs, 
But in stream "D" there is another product of combustion: 
Pounds of oxygen= 4,022,500 - (732,000 + 13,850 + 220,500 
+ 2,915,000) 
= 141,150 lbs. of o2 
TABLE IX 
SUMMARY OF CALCULATIONS OF PRODUCTS OF COMBUSTION 
WEIGHT (LB.) MOLES % MOLAR 
CO2 732,000 16620.0 12 .100 
so2 13,850 
216.0 0.158 
02 141,150 4420.0 3.215 
N2 2,915,000 103900.0 75.65 
~o 220,500 12250.0 8.877 
Total 4,022,500 137406.0 100.000 
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DESIGN OF THE PRINCIPAL EQUIPMENT IN THE PROCESS 
Absorption and extraction are perhaps the most important 
· 
1 chemica 1 processes for remova 1 of a des ired component from a gas or 
solid mixture. Absorption essentially consists of bringing the·gas 
phase in direct contact with an absorbent while extraction involves 
the digestion of the solid in a suitable solvent. 
ABSORBER AND REGENERATOR 
S. Katell, (15), has discussed the approximate size of the 
equipment employed in a plant of 800 MW capacity. Since sufficient 
data required for design of the equipment was not available, the size 
of the equipment was obtained by assuming that the dimensions of the 
equipment are directly proportional to the capacity of the plant. 
Also some experimental data was obtained by D. Bienstock and his 
coworkers (2). 
Diameter of the Absorber 
gas: 
Density of the gas at standard conditions, assuming ideal 
({ = (Mx 273)/359 (273 + Tb) 
Where: M = average molecular weight of the gas. 
0 
Tb: Temperature at standard condition C. 
M: 0.121 X 44 + 0.00158 X 64 + 0.03215 X 32 + 0.756 
x 28 + 0.0887 x 18: 29.196 lb/lb mole 
~ ::a: 29.196/359 ::a: 0.0813 lb/cu.ft. 
Volumetric flow rate of the gas at standard conditions: 
scfh ::a: 4022500 lb/0.0813 lb/cu.ft. 
scfh ::a: 49,500,000 
Diameter of the absorber will be: 
ID ::a: 15.35; 16 ft. 
Height of the absorber 
As the percent of S02 removed was assumed to be more than 
98 percent, and the residence time two seconds, then 
Z ::a: 46 (t. 
a 
Where: Z = height of the absorber. 
a 
Diameter of the regenerator 
As in the absorber, the diameter of the regenerator will be: 
ID = 10 ft. 
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Height of the regenerator 
Since: 
Where: 
The height of the regenerator is based on the assumptions: 
v:z:4ft./sec. 
t :z: 5 sec. 
Z :z: V X t 
R 
v :z: linear velocity of the material in the regenerator 
ft./sec. 
t :z: residence time sec. 
ZR= height of the regenerator. 
ZR :z: 20 ft. 
Furthermore, the composition, and quantity of material 
in the different streams will be: 
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TABLE X 
SUMMARY OF CALCULATIONS OF TOTAL GAS FLOW 
STREAM FLUE GAS FLUE GAS REDUCED GAS GAS TO SULFUR 
FROM BOIL- TO STACK TO REGENER- RECOVERY 
ER ATOR 
% MOLAR % MOLAR % MOLAR % MOLAR 
Nz 75 .65 75. 73 47.4 47.4 
Oz 3 .215 3.22 
COz 12 .1 
. 12. 11 5.0 29.6 
so2 0 .158 Trace 
H20 8.'877 8.94 1.4 4.0 
Hz 16.6 4.3 
co 26.2 1.6 
H2S 0.4 10. 1 
CH4 2.6 2.6 
CzH6 0.4 0.4 
Million 
scfh 49.5 49.3 1.22 1.22 
DESIGN OF THE FILTER #1 
Many types of continuous filters are employed in indus-
trial operations, but the literature on vacuum filters is so 
confusing in terms of unit inconsistences that the reader is advised to 
check measurements before using the different equations. 
The following design is an approximation because we do not 
!' 
have the experimental factors such as, slurry character, process 
conditions, specific cake resistance, cake porosity, etc., to design 
the appropriate filter. All those factors are taken from the literature 
and all these calculations are based on Linvil G. Rich, Metcalf & 
Eddy, Grace, Ruth, Faust et a-r-<; (9, 12, 19, 26, 28). 
Where: 
The filtration rate equation at constant pressure is: 
dV = A ( -4P)gc 
dt fJ,- (a WV/A + Rm) 
t = collected time (sec) 
V = total volume of filtrate which has passed through 
the filter cake, (ft.3) 
fl= viscosity of filtrate (lb/ft-sec.) 
A= filtration area (ft. 2) 
-~P = Over-all pressure drop through filter (lb. force/sq.ft.) 
a= Specific cake resistance, (ft./lb.) 
W = Weight of solids in the feed slurry per volume of 
liquid in this slurry, (lb./ft. 3) 
gc = Newton's law conversion factor, 32.174 
(ft.lb./lb. force-sec. 2) 
-1 
Rm = filter-medium resistance, (ft. ) 
. ' 
For incompressible cake (a= constant) and at constant pressure: 
µ. ( a WV/ A + Rm) dV = A(-6P)g dt C 
at = µ a wv + ARm av 
A2 (-liP)gc 
so. 
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Integrating: 
[ dt :r; f-L (1 w f 2 VdV + A ( -LlP) g o V Rm idV A(-b.P)gc o C 
Neglecting the filter resistance Rm for reasons of design, 
this equation can be reduced to: 
t :r; 
From fig. 22.55 of Foust et al. (9), and assuming that 
the material that we have is like superlight Caco3 at ambient 
temperature. 
11 Q = 1.2 X 10 ft./lb. 
The viscosity of sulfuric acid is, from appendix 8 of 
McCabe and Smith (17), 5 centipoise, or 5 x 6.72 x 10-4 = 
-4 33.6 x 10 lb./ft.sec. 
W = 1000 lb. /V 
V = 3 ml. of H2so4 per gram of ash. 
= 454000 X 3 = 1362000 ml. = 48.3 ft.3 
j W :r: 28. 8 lb./ ft . 
Assumptions: 
b.P :r: 25 in-Hg :r: 1770 lbf./sq.-ft. 
Rotation= 1 RPM 
Cake builds up over 1/3 rev. 
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Then: 
v2 
= 
2 µ wa 
Then: 
tu>gc 
= constant = B µa w 
1770 X 32 .174 B :z: = 68 X 10 33.6 X 10-4 X 1. 2 X 1011 X 20, 8 
Units of B: 
B :z: 
lb£ x lb-ft x ft-sec x lb x f t 3 
= (£t2 /sec) 
ft2 x lbf-sec2 x lb x ft x lb 
Now, lets take a segment of surface one inch wide running 
from face to face on the filter, like point Con the figure below. 
L 
<J-----[> 
A = l" x L Where L is the length of the filter 
1 
A :z: T2 L in feet. 
A2= _!_ 12 
144 
t = 1/3 min.= 20 sec. 
-7 
! ~. 
j 
•. ~ 
.,, 
·.' !: .. i: r .' : 
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.J ' 
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Assuming L we can calculate the volume of liquid filtered 
by the segment of one inch,. but there are 
segment filtering at the same .. time ifod furthermore 
l"x3 
the volume filtered in 20 seconds will be 
-V .. i1TR 
l"x3 
V, where R is assumed. Also al 1 those vaJues 
as1;umed L, R, t, wfll be rlght, if the total volume chec;ks with the 
ralc of filtration th~t we know. 
Then: 
Where 
L "' 4 feet 
t ""20 sec. 
R .. 2 f L. 
A"" 4/12 ""0.334 it. 2 
.. 
I 
V "' (2 x B x A2 x t)'~ 
l 
'"'A(2 x B x t)1 
""0.334 ft. 2 x (2 x 68 x I0- 7 ft 2/sec 
Jr. 
x 20 sec.) 2 
-..... ~ .. ,, .. 
-" 33.4 X ]Q-2 X 16.5 X 10-3 
=z 550 x 10-5 ft. 3 /segment 
_ ·27TR 
Va-1-·V"' 
TZ x 3 
. V 
Va 87TRV a 8 x 3.14 x 2 x 550,x IO-S 
·v .. 0.211 n. 3 
V"'· V x 3 x 60 
V*• total vollUlle filterated in one hour 
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V*~ 277 x 10-
3 x 180 = 50 ft. 3/hr. 
SinceV'I< is almost the volume that we have to filter, 
then the dimensions of the filter will be: 
L = 4 ft. 
D = 4 ft. 
t = 1 minute 
C 
DESIGN OF FILTER 112 
In designing this filter the same asstnnptions were made 
as in designing Filter #1. Calculations sho~ that its size would 
be the same as that of Filter /fol: 
of dryers. 
L = 4 ft. 
D = 4 ft. 
DESIGN OF THE DRYER 
Many workers have inves tigat:ed the factors in the designing 
The literature is full of reference t~ various types of 
drying equipment, (22, 2-3, 24, 25). 
In most of the cases, the dryers are. designed on the 
basis of practical experiente, and on this basis our dryer will be: 
1. Continuous rotary dryer with direct' heat. 
2. It wi 11 be 'fed into the dryer as a. cake. 
3. The mat~rial to be dried is hydrat:ated vanadium 
pentoxide. 
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The size of the dryer will be calculated as follows: 
llzO 245 lb./hr. 
Filter Dryer 
1
50% Mixture 
.__ ____ _,_(Wet basis) 265 lb./hr . '---------_:--------a[> 
2% Mixture 
(Dry\ bas is) 
Basis of Calculations: 
1. Drying medium is to be hot air with dry and wet-bulb~ 
temperatures of 350° F and 120° F respectively. 
2. Temperature of the cake as it enters the dryer will be 
95° F. 
3. Mass velocity as 700 lb/ft~ hr. 
4. Slope of rotary-dryer Sd ~ 0.0208 ft./ft. 
Ta1 
i 
~ 
~ Tw Material i:i:i 
E-1 [> 
T1 
LENGTH OF DRYER 
., 
' I, :r . 
,J 
i 
' 
;., 
( 
\i 
For effects of radiation, it is assumed that during the 
• drying period the temperature of the·material will remain constant 
at 5° F. above the wet-bulb temperature of the air. 
In a direct-heat rotary dryer, the heat-transfer is 
expressed as: 
Where: 
QT "' UaV(fil)m 
QT"' Total heat transferred (BTU/hr.) 
U "'Volumetric heat transfer coefficient 
a 
(BTU/hr.ft3 dryer vol. OF.) 
V "'Dryer volume (ft. 3) 
(AT) "'True mean temperature difference between 
m 
the hot gases and material (°F.) 
Different workers have evaluated Ua, but Friedman and 
Marshall (7) evaluated Ua in a small rotary dryer. They showed that 
Ua is a complex function of feed rate, air rate, and physical 
properties of the material to be dried. 
Perry (23) analized this data and he arrived at the 
conclusion that: 
u :,; 
a 
(AT)m :,; 
0 .16 
20G 
D 
AT 1 - ATz 
l~T1/AT2 
Tal - Ta2 
Nt :,; 
Where: 
(fil)m 
N :: number of heat transfer units. 
t 
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N is found emperically (23), and the most economical-
t 
rotary dryer will be when 
Therefore: 
= 2 = 350 - Taz 
(350 - 125) - (Ta2 - 125) 
(b.T)m = -----------
350 - 125 
ln 
T a2 - 125 
225 (350 - Ta2) ln -T~~~~ 
a2 - 125 
---------- = 2 
(350 - Ta2 
ln 225 = 2 
Ta2 
- 125 
225 e2 = 
Ta2 -125 
225 = e2T 
a2 - 125 X 
e2 
225 + 125 X e2 
Ta2 = 
e2 
::::c 155 .4° F 
::::c 
350 - 155.4 ::::c 97,3° F 
2 
57. 
30.4 + 125 
,·, 
•' 
! 
' 
I!' 
/ 
< 
! 
.J 
•., 
.. -~ 
I 
.j 
.J 
,l 
i 
"'! 
,I 
The specific heat of the material being dried is: 
Where: 
a:,: 46.54 
b :,: -3.9 X 10-3 
C :,: -13. 22 X 105 
Tin °K. 
CP in cal./g.mole °K. 
The temperature of the material as it leaves the dryer 
is 15Q° F. The heat transferred in the dryer will be: 
a. For raising the temperature of the liquid to 125° F. 
250 (125 - 95) 
b. Latent heat of vaporization: 
245 (1022. 9) 
c. For superheating the vapor: 
2;5 [ 0.45(155.4 - 125~ 
d. Heat to so lids: 
-2 ( a + bT - CT ) dT 
2 
+ b ~ 
2 
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7500 BTU/hr. 
252000 BTU/hr. 
3350 BTU/hr. 
.:1' 
' j 
.. ~ j 3 
L· 
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., 
= m [46.54(Tz·T1) - 3.9 x 
-13.22 X ·105 (~1- - l ] T2 ri-) 
Since: 
T
1
:,: 95° F:,: 35° C = 308° K 
T2 = 150° F = 66° C = 339° K 
m = 250 lb/hr. 
Then: 
mCpdT • m [46.54 (339 -308) - 3.9 x 10·3 
115000 94864 5 1 1 ] ( 2 - 2 ) - 13.22 X 10 ( ~ - ~) 
= m(l442 - 132.2 + 397) 
MCpdT = 4200 BTU/hr. 
QT = L Qi = 7500 + 252000 + 3350 + 4200 
QT= 267050 BTU/hr. 
G = QT/0.24 (350 -155.4)S 
G = 5720/S 
S = 5720/700 = 8.18 ft. 2 
D = 3,23 = 3.5 ft. 
Uaz 20 X 2.85/3.5 
u = 
a 
V ::z: 
16.3 
267050/16.3 X 9~ 
V = 169 ft. 3 
L = 169/8.18 = 20.7 ft. 
L = 21 ft. 
L/D ::z: 6 
59 • 
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Since: 
4 <LID> 10 
The dimensions are satisfactory, and they are: 
D :i: 3.5 ft. 
L = 21 ft. 
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PLANT LAYOUT 
Figure 7 shows the preliminary layout of the equipment. 
MATERIALS OF CONSTRUCTION 
Economic aspects are the key in selecting construction 
material in any kind of chemical plant. The ideal material has to 
have characteristics such as the following: 
a. Resisting all kind of corrosion. 
b. No deterioration at higJii temperatures. 
c. Acids cannot attack it. 
d. It has to be cheap, and must not raise the price 
when it is submitted to fabrication processes. 
Unfortunately, there is no material which attains all 
these conditions. Carbon steel would be the most adaptable. It is 
the usual material utilized in chemical industries. This material 
can be found in different shapes (pipes, plates, etc.), and during 
the period of maintenance, if some part has to be replaced, it can be 
made easily and rapidly. The only parts which would have to be 
reinforced with glass-fiber polyester would be the digestion and 
precipitation tanks in the devanadization plant. This kind of material 
is cheap as well as resistant to the action of the hot sulfuric acid. 
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PART III 
ECONOMIC ASPECTS 
This section will treat the 
economic aspects of the desulfuriza-
tion and devanadization processes, 
such as, the capital needed to start 
the business, the total assests, 
earnings, and the rate of return. 
~, 
The price and technical aspects of vanadium pentoxide have 
been analyzed in the previous sections. It is only natural, therefore, 
to question the source of the firm's capital funds. With what capital 
will the business begin? How much is needed; where and how will it be 
obtained? 
The fundamental determinant of the quantity of capital needed 
to the successful operation of any enterprise, other things being equal, 
is the scale of the operation. The quantity of assests needed will 
turn on this point. It is anticipated that this firm will process 
approximately 2,000,000 pounds of vanadium pentoxide per year and the 
capital investment for this firm will necessitate capital funds of 
$8,073,518. Table XI lists the capital funds necessary by category. 
It is assumed that all capital funds will be contributed by the parent 
company, i.e., an electric utility company. It is further assumed: 
1. A 500 MW plant at 40 percent efficiency, 
2. Sulfur recovery will be 90 percent of input to the 
" power plant, 
3. Vanadium recovery will be 96 percent of input to the 
electric power plant, 
4. Cost of fly ash will be $1.25 per pound of pure 
vanadium, 
5. Cost of sulfuric acid will be $33.75 per ton (f.o.b. 
East Coast), 
6. Cost of annnonia will be $76.00 per ton (f.o.b. East 
Coast), 
7. Cost of sodium chlorate will be $159.40 per ton (f.o.b. 
East Coast), 
8. The selling price of sulfur will be $26.37 per ton 
(f.o.b. plant). 
9. The selling price of vanadium pentoxide is $2.20 per 
pound, and 
10. Cost of the absorbent is $0.25 per pound. 
TABLE XI 
TOTAL INVESTMENT 
1. Initial Expenses in Organization 
Costs 
2. Buildings and Land 
a. Buildings 
b. Land 
$970,000 
50,000 
3. Furniture and Fixtures 
4. Machinery and Equipment (including 
installation expenses) 
5. Initial Starting Costs 
6. Contingencies (.8 of 1%) 
TOTAL 
7. Working Capital 
GRAND TOTAL 
Asset Analysis 
U.S. Dollars 
$ 150,000 
1,020,000 
30,000 
5,273,300 
775,688 
50,000 
$ 7,298,988 
775,530 
$ 8,074,518 
It is my intention that this firm is to be overcapitalized. 
Inasmuch as this is a new firm with an underdeveloped process, any 
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losses could be absorbed by the parent company without endangering its 
financial existence and could eliminate costly financing at future 
dates when added capital could be obtained only under difficulties. 
The capital investment for fabrication and erection, 
installation of equipment, starting costs and contingencies which 
are necessary for the processes of sulfur and vanadium pentoxide 
recovery are given below: 
1. Initial Expenses or Organization Costs 
These costs will include the expense of 
organization, incorporation fees, preliminary 
engineering expenses, expenses of obtaining 
local licenses, promoters' fees and expenses 
and other similar expenses. All these are 
incidental to the creation of the physical 
assets of the firm in a firm ready to be 
used in the conduct of business. 
2. Buildings and Land 
a. Buildings - It is estimated that the cost 
per square foot for an industrial building 
and the cost per square foot of an 
office and related buildings is $20.00 
and $35.00, respectively. 
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Description of Building 
Desulfurization Plant and 
Clauss Unit 
Devanadization Plant 
Raw Material Storage 
Finished Product Storage 
Maintenance Workshop, 
Laboratory and Supply 
Store Area 
Welfare Area 
Main Office and Miscellaneous 
Area 
(Square 
Feet) 
7,500 
6,000 
3,000 
5,000 
5,000 
2,000 
Utility Areas 10,000 
Incoming Connnunication 
Trunk Lines, Parking and 
Green Areas 
TOTAL 
28,500 
10,000 
38,500 
Cost 
$150,000 
120,000 
60,000 
100,000 
100,000 
40,000 
350,000 
50,000 
b. Land - Plant requirements will necessitate 
the purchase of two areas of land. In 
Long Island, where the Long Island Light 
Company (LILCO) is operating, the current 
price for industrial sites is $25,000 per 
acre. This includes light, water, sewer 
and other industrial services. Land, 
therefore, is estimated at $50,000. 
3. Furniture and Fixtures 
4. Machinery and Equipment 
a. Machinery for the desulfurization plant 
including cost of installation plus the 
initial catalyst requirement. $5,000,000 
67. 
$ 570,000 
400,000 
$ 970,000 
$ 50,000 
$ 30,000 
' ! : 
b. Devanadization Plant (from 
Appendix B). $ 191,300 
c. Installation and equipping of 
the devanadization plant (43% 
of the cost of equipment). 82,000 $5,273,300 
5. Initial Starting Costs 
It is estimated that it will require 90 days from 
the initial starting date to attain 100 percent 
production. During this time, it is assumed that 
the average capacity that can be expected is 
approximately 25 percent. 
Production Costs 
Less: Sales 
Per Year 
$4,645,264 
90 Days 
$1,160,000 
424,312 
Plus: Technical consultants 
and various other 
expenses related to 
starting operations 
Total Initial Starting Costs 
6. Contingencies 
Contingencies are estimated at .8 of 1 
percent of total investment. 
7. Working Capital 
Working capital is the capital which is 
necessary, in addition to the investment 
in plant and facilities, which will enable 
the firm to conduct its business. during 
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the interim between the production 
of vanadium pentoxide and the 
receipt of revenues from the sales 
therefrom. 
a. Raw Materials 
A one month inventory of the raw 
materials used in the production of 
vanadium pentoxide will be avail-
able for use in the production 
facilities. All raw material inven-
tory prices are based on f.o.b. 
East Coast. 
(1) Fly Ash 
1,000 lbs./hour@ $1.25/lb. 
of vanadium. Calculated as: 
140 x 24 hours x 30 days x 
$1.25/lb. = 
(2) Sulfuric Acid 
1. 8 tons/hour @ $33. 70/ ton. 
Calculated as: 1. 8 tons/hour 
24 hours x 30 days x 
$33.70/ton = 
(3) Annnonia 
250 lbs./hour@ $76/ton. 
Calculated as: 
250 lbs./hour x 24 hours x 30 days x $76/ton = 
2000 
69. 
X 
$126,000 
43,700 
6,840 
(4) Sodium Chlorate (NaC13) 
62.5 lbs./hour@ $159.40/tons. 
Calculated as: 
65.5 lbs./hour x 24 hours x 30 days x $159.40/ton = 
2000 
(5) Absorbent 
310 lbs./hour@ $0.25/lb. 
Calculated as: 310 lbs./hours x 
24 hours x 30 days x $0.25/lbs. = 
b. Finished Product Inventory 
Fifteen days of production or 
86,400 pounds of vanadium at the 
market price of $2.20 per pound 
c. Credit to Customers 
d. 
I 
Net 30 days or 30 day payment 
period 
Treasurer's Cash and Restc0icted· 
Funds for Payrolls 
Salaries of 12 men at a 
labor rate of $3/hour. 
Calculated as: 96 man-
hours/day x $3/hour x 
30 days= 
Maintenance salaries. 
Calculated as: 12 men@ 
$ 3,600 
55,750 
174,000 
348,000 
8,640 
$750/month = 9,000 $ 17,640 
TOTAL WORKING CAPITAL 
70. 
$775,530 
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TABLE XII 
Operating Cost 
1. Direct Production Costs 
A. Raw Materials 
B. Operating Supplies 
c. Absorbent 
D. Operating Labor 
1. Direct Labor $105,000 
2. Indirect Labor 15,750 
E. Utilities 
F. Maintenance and Repairs 
G. Employee Benefits, excluding Vacations 
TOTAL DIRECT PRODUCTION COSTS 
II. Fixed Charges 
A. Depreciation 
1. Machinery and Equipment 
2. Buildings 
B. Taxes (Property) 
C. Insurance 
TOTAL FIXED CHARGES 
III. General Expenses 
A. Administrative and General Expense 
1. Engineering (Chemical Engineer) 
2. Secretary 
3. Legal 
4. Accounting 
5. Off ice Salaries 71. 
$1,050,000 
50,000 
$17,000 
6,200 
11,000 
8,500 
4,000 
$1,385,000 
694,500 
615,000. 
120,750 
174,240 
174,200 
49,000 
$3,212,690 
$1,100,000 
125,250 
62,624 
$1,287,874 
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6. Office Supplies and Communication 
B. Selling and Marketing Expense 
GRAND TOTAL PRODUCT COST 
4,000 $ 50,700 
88,000 
$4,639,264 
The calculation of the estimates for operating costs for a 
one year period and plant production at 100 percent of capacity are 
shown be low: 
Item 
Number 
I.A. Raw Materials 
1. Fly Ash 
140 lbs./hour of pure vanadium x 
7,920 hours/year x $1.25/lb. = 
I.B • Operating Supplies 
I.C. 
I.D. l 
1. Sulfuric acid 
1. 8 tons/hour x 7,920 hours/year x 
$33.75/ton = 
2. Ammonia 
250 lbs./hour x 7,920 hours/year x $76/ton = 
2000 
3. Sodium chlorate (NaCl3) 
62.5 lbs./hour x 7,920 hours/year x $159.40/ton = 
2000 
4. Other raw materials (estimate) 
Absorbent 
1. 310 lbs./hour x 7,920 hours/year x $0.25/lb. = 
Operating Labor 
1. Direct labor 
$1,385,000 
480,000 
75,000 
39,500 
100,000 
615,000 
96 man-hours/day x $3/hour x 365 days/year= $105,000 
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Item 
Number 
2. Tndirect labor 
15'1.. of direct labor = $15,750 
.I.E. Utilities 
I.F. 
I.G. 
II.A. 
1. Electricity 
2000 KW/hour x 7,920 hours/year x 
$0.01/KWH = 
2. Water 
20 M gals./hour x 7,920 hours/year x 
$0 .10/ gal. = 
Maintenance and Repairs 
1. Direct labor 
12 men at $9,000/year 
2. Indirect labor 
15% of direct labor 
3. Materials (estimated) 
Employee Benefits, excluding Cost 
of Vacations 
20% of total payroll 
TOTAL DIRECT PRODUCTION COSTS 
Depreciation 
The straight-line method of depreciation 
is used for all capital investments. It 
is estimated the useful life of plant and 
equipment is five years and for office 
furniture and fixtures and buildings is 
20 years. In all cases, fully depreciated 
asse.ts will have a zero salvage value. 
73. 
( 
158,400 
15,840 
108,000 
16,200 
50,000 
$120,750 
174,240 
$174,200 
49,000 
$3,212,690 
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It~m 
Number 
1. 
2. 
Machinery 
5,262,400 
Buildings 
furniture 
and equipment 
t 5 = $1,050,000 
(including office 
and fixtures) 
1,000,000 t 20 = 50,000 $1,100,000 
II.B. 
II.C. 
III.A. 
through 
Taxes (Property) 
2% of the fixed capital investment= 
Insurance 
1% of the fixed capital investment= 
TOTAL FIXED CHARGES 
III.B. Selling, Administrative and General Expense 
GRAND TOTAL - TOTAL PRODUCT COST 
Annual Sales 
96 percent recovery of vanadium pentoxide 
Calculated as: 240 lbs./hour x 7,920 hours/year x 
$2.20/lb. == 
90 percent recovery of sulfur 
Calculated as: 6,200 lbs./hour x 7,920 hours/year x 
____ .-...J.$=26.;..:•:...::.3..:...7!..-/ t=-=o=n _______ == 
2000 
TOTAL ANNUAL SALES 
Earnings Before Depreciation, Interest and Taxes 
Revenues - Variable Costs== 
4,820,000 - 3,351,390 == 1,468,610 
125,250 
62,624 
$1,287,874 
$ 138,700 
$4,639,264 
$4,180,000 
640,000 
$4,820,000 
Out of this sum comes the funds to satisfy various claimants 
to a return from the firm and internal funds that can be used to reduce 
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debt or buy new assets according to the company's position after fixed 
claims are met and the distribution to the parent is decided. 
Earnings Before Interest and Taxes 
Revenues - Variable Costs (from above) - Depreciation= 
1,468,610 - 1,100,000 = 368,610 
Earnings After Taxes 
Revenues - Variable Costs Depreciation (from above) -
Corporate Profits Tax= 
368,610 - 184,305 = 184,305 
Corporate profits tax rate is 30 percent on all regular 
taxable profits plus a surtax of 22 percent on all profits over $25,000 -
making an effective rate of 52 percent on all profits over $25,000. To 
simplify the calculation, an approximate rate of 50 percent is used. 
Rate of Return 
Before management decides how to employ the firm's funds, it 
must calculate the expected rate of return of the project. Although 
various rules of thumb or shorthand methods may be used to rate the 
desirability of a project or proposal, a fairly scientific method of 
calculating the yield on an investment of assets is the discounted 
cash flow, Eli Schwartz, (29). The discounted cash flow method for 
this project is shown below • 
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:~ ..c 0 QJ ~ Ill ,-,, UJ -;:t -1.J f/J •r-l • ctl C) QJ -1.J 0 
,j.J ,-1 ~ ~ Ill M ,-1 •.-1 0 i:: 0 J::r.t 0. 0 d 0 QJ C.) C.) •r-l .. 
~i:: 
ctl ,-1 -1.J QJ 
-
0 
H 0 i:: ..c 00 
ctl QJ C.) ::l -1.J ,Jc -1.J 0 
Pol QJ M 0 4-1 .. 
~ QJ UJ C) El 0 f/J 00 
:x: -1.J ,j.J f/J f/J 0 0 El 
ctl QJ 4-1 QJ •r-l l-1 l-1 ::l 4-1 
H i:Q <i:! ,-1 A 4-1 Pol f/J 0 
1 0 $1,468,610 $1,100 $184,305 $1,284,305 .990 $1,287,000 
2 0 1,468,610 1,100 184,305 1,284,305 .980 1,274,000 
3 0 1,468,610 1,100 184,305 1,284,305 • 971 1,242,300 
4 0 1,468,610 1,100 184,305 1,284,305 . 961 1,249,300 
5 $2,000 1,468,610 1,100 184,305 2,284,305 .951 2,239,900 
TOTAL $7,239,900 
*Columns 2 through 6 rounded to nearest 100,000. 
The discount factor (seventh column) which brings the present 
value of the cash flow after taxes back to the original investment 
($8,000,000) is the internal rate of return on the project. The solu-
tion is obtained by trial and error, by finding the discount factor 
that comes closest. In this project, the rate of return is less than 
1 percent after taxes. 
We know that a return on investment of less than 1 percent 
will not justify the realization of a project of this magnitude. However, 
it must be remembered that the total cost for plant and equipment has been 
estimated to the maximum of costs. Also, costs such as land and wages are 
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almost speculative inasmuch as these costs vary with local and geographic 
area. The same is true for property taxes. 
Another solution that should be considered is that of burning 
//2 [ucl oll in lieu of 116 fuel. The characteristics of lf2 fuel oil are 
shown in Table VI. 
The price of #2 fuel oil is $0 .105 per gallon and consumption 
is estimated to be 30,200 gallons per hour. The total cost per year is, 
therefore, $25,100,000. Compared with the cost of the #6 fuel oil at 
$0.06 per gallon and an hourly consumption of 28,400 gallons, the total 
cost per year would be $13,495.680. The gross annual savings on oil 
consumption alone would be $11,604.320. This takes into affect that 
less #6 fuel oil is required to produce the same BTU's of heat as that 
of #2 fuel oil. It is assumed that the use of #6 crude oil will cause 
added expense to the electric power plant. These expenses, however, 
will be realized mostly in maintenance of the power equipment and will 
add an estimated $1.5 million to the power plant cos~s. However, the 
added profit to the vanadium process ($10,000,000) would justify the 
building of the facility and the processing of #6 crude oil for the 
vanadium pentoxide content. 
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PART IV 
CONCLUSIONS 
The preceding sections 
analyze the recovery of vanadium 
and sulfur from ashes and flue 
gas, respectively, by combustion 
of Venezuelan fuel oil residual. 
They also discuss the economic 
aspects of those processes. The 
present section will point out 
the most important conclusions of 
this theoretical study. 
CONCLUSIONS 
The most important conclusions of this design study are: 
1. Vanadium compounds in crude oil apparently 
have a high molecular weight and exist in the 
form of porphyrin complexes. These compounds 
are found in the heaviest parts of the petroleum. 
2. The heavy Western Venezuelan crude oils contain 
unusually large concentrations of vanadium 
(600-1200 ppm). 
3. 90 percent of the total vanadium production is 
used by the steel industry because it imparts 
useful properties to steel. 
4. Technically, economically, and for the sake of 
public health, the recovery of vanadium is very 
important. 
5. All industrial plants that emit S02 are required 
to install equipment for reducing the amount of 
their emissions to the atmosphere because of 
clean air legislation. 
6. Considering the composition of the combustion 
products from the boiler, we conclude that 
"Absorption of Sulfur Oxides by Alkalized Alu-
mina at High Temperature" and "Recovery of V20s 
by Sulfuric Acid Digestion" have greater advan-
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tages than other methods. These have been 
used in the study reported here. 
7. The capital investment for fabrication and erec-
8. 
tion, installation of equipment, starting costs 
and contingencies which are necessary for the 
processes of sulfur removal and vanadium pent-
oxide recovery from a 500 MW power plant are 
$8,073,518 from which $775,530 is working 
capital and operating costs arc $4,639,264. 
The rate of return from sales of sulfur and 
vanadium is less than 1 percent after taxes. 
We know that this return on investment does not 
justify the realization of a project of this 
magnitude. But, on the other hand, however, 
remova 1 of sulfur and vanadium permits the 
plant to burn #6 residual instead of the #2 
residual required by recent clean-air legisla-
tion. If we utilize fuel oil residual #2 
instead of #6, whose annual costs are 
$25,100,000 and $13,495,680 respectively, in 
the production of electrica 1 energy, the gross 
annual added cost on oil consumption alone would 
be $11,604,320. This fact proves that the 
consumption of 4/6 fuel oil and the installa-
tion of the desulfuration and devanadization 
\__.~ 
plant is justified. 
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APPENDIX A 
CALCULATION OF 4F6 FUEL OIL NECESSARY IN TIIE POWER PLANT 
AND ITS CONTENT OF VANADIUM. 
Data: Capacity of the power plant = 500 MW. 
Base: 1 hr. 
Fuel oil residual 
600 ppm of V 
Air 
Thermal efficiency = 40% 
of operation. 
enera tor --t> 500 MW. 
Boiler ~ Fly ash (top), 12% Vanadium 
Ash (bottom), 34% Vanadium 
From table VI, the heat capacity of this residual 
is 150000 BTU/Gal. 
Then: 
500 MW= 170645 x 104 BTU/hr. 
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Furthermore, the quantity of oil is: 
170645 X 104/0.4 X 150000 = 28400 Gal. 
William Whigham (35) has discussed the content of vanadium 
in Venezuelan crude oil. From table VI, p = 0.9861 
gr./cu.cm. 
600 ppm= 600 mg/kg. x 0.9861 kg./lt. x 3.485 lt./Gal. 
X 1/454 X 103 lb./mg. 
= 0. 00492 lb. /Gal. 
Then the vanadium in the residual will be: 
0.00492 lb./Gal. x 28400 Gal.hr. 
= 140 lb. /hr. 
APPENDIX B 
LIST OF EQUIPMENT 
The list of tlw various pieces of equipment will be 
presented in accordance with the flow sheet notation (figure 6). 
The cost of each piece is calculated by Charles E. Dryden and 
Richard H. Furlow I s Technique (6). ("k) 
Al-1, 
LIST OF EQUIPMENT OF THE DEVANADIZATION PLANT 
Storage tank with agitator for fuel 
oil residua 1. 
PC-1, PC-2, Centrifugal pumps for the fuel 
oil from Al-1, with a capacity of 475 
GPM. 
B-1, Boiler which produces the necessary 
vapor for a power plant. The total 
price of this equipment will not be 
included because it does not belong to 
desulfurization and devanadization 
plants. Only part of its cost in 
$ 3,000 
$ 6,000 
<*) The individual prices of equipment in the desulfuration 
plant will not be detailed because there is not specific 
information about them. The total cost of this plant will 
be obtained by applying the six-tenth factors as reported 
by J.W. Drew and A.F. Ginder (5) to the price found in 
S. Katell (15). · 
. 86. 
this project ,wi 11 be included (20io). 
C-1, Crusher type swing-hammer mill to 
process 1000 lb./hr. 
S-1, Vibrating screen type double deck 
with 50 sq.ft., to select the desired 
particle size. 
ST-1, 
C0-1, 
Storage tank of ash with a capacity of 
10,000 lb. 
Conveyor for feed to the extractor ves-
sels. Belt: 24 inches wide and 70 ft. 
long. 
D-l,D-2,D-3, Ash digestion tanks: capacity 
3,600 gallons each flat bottom and 
open top. 
AG-l,AG-2,AG-3, 8 hp. agitators; anchor type. 
PC-3,PC-4,PC-5, Filter feed centrifugal pumps: 
$ 30,000 
$ 3,100 
$10,000 
$ 4,000 
$ 6,000 
$ 7,800 
$12,900 
100 GPM. $ 3,000 
F-1, Rotary drum filter for sulfuric-acid-Ash 
solution. Area 70 sq. ft. $30,500 
PC-6 Centrifugal pump to feed the precipitator, 100 GPM $1,000 
P-1, P-2, P-3, Tanks, 3600 gallons each, where 
v2o5 is precipitated with NH3 and NaCl03. 
·- l\' 
These tanks have the same shape as the 
extractor vessels. 
AC -4 AC - 5 AG -6 , , , 6 hp. agitators, anchor type. 
Centrifugal pumps to feed the PC- 7, PC- 8, PC- 9, 
F-2, 
RD-1, 
N-1 
PN-1, 
C-1, 
filter F-2 with v2o5 solution. Flow rate: 
120 GPM. 
Rotary drum filter, 70 sq.ft. 
Rotary direct dryer with 170 cubic feet 
working volume. 
1000 Gallon. Neutralization tank. 
LIST OF EQUIPMENT OF THE DESULFURIZATION PLANT 
Pneumatic system or dust collector. 
Cooler to cool the gases from the boiler B-1, 
and heat the air necessary for the combustion. 
A-1, Absorber, where the so2 from the flue gas is 
absorbed with alkalized alumina. 
C-2, Cooler where the absorbent is cooled before 
entering the absorber, and the reformed gas is 
heated. 
C-Y, Ciclone for absorbent recovery from the gas 
going to the stack. 
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$ 10,000 
$ 3,600 
$ 30,500 
$ 20,000 
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C-'J, llen tlir to heat the absorbent from the absorber 
Lo 1200°F. 
R-1, Regenerator: the absorbent is regenerated with 
C-4, 
E-1, 
0 the reformed gas at 1200 F. 
Cooler where the gas from the regenerator is 
cooled before continuing to the Clauss unit. 
Electrostatic precipitator to remove particles 
from the reformed gas. 
PC- 10 , PC- 11 , Feed pumps to the regenerator and absorber 
respectively. 
APPENDIX C 
CI.AUSS PROCESS 
The Clauss process, (11), developed about 1890, is the 
earliest connnercialization of vapor-phase oxidation. There are a 
lot of modifications of this process, but the first significant 
advance was made by I. G. Farhenindustre, and consisted of burning 
one third of the hydrogen sulfide completely to sulfur dioxide in 
a boiler. The sulfur dioxide reacts with the remaining two thirds 
of the hydrogen sulfide over bauxite catalyst at 700°-750° F, 
recovering elemental sulfur. 
The reactions involved in the processes are: 
Boiler 
~H ~ 124-138 Kcal 
Catalytic Converter 
2H2S + S02------{7 2H20 + 3S ~H ~ 21- 35 Kcal 
Over-all Combination 
~H ~ 145-173 Kcal 
Figure 8 below shows the flow sheet of the process. 
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